The high-temperature thermoelectric (TE) properties of group 13 elements (Ga, In, and Tl) triple-filled skutterudites in the nominal compositions of In x Ga 0.02 Tl 0.20 Co 4 Sb 12 (0¯x¯0.30) were investigated. All samples contained impurity phases in addition to the skutterudite matrix phase, i.e. some of the filler elements added to CoSb 3 precipitated as the metal state and antimonides. With increase the starting amount of In, the actual content of In increases while that of Tl decreases. Owing to phonon scattering by rattling of the group 13 elements, low lattice thermal conductivity was achieved, leading to relatively high TE figure of merit (ZT) for all samples. The maximum ZT value was 0.72 at 773 K obtained for the sample in the nominal composition of In 0
Introduction
Thermoelectric (TE) materials can be used for direct energy conversion from waste heat into electrical power, and have the merit of no moving parts and high reliability. The efficiency of the energy conversion of TE materials is governed by the dimensionless figure of merit, ZT = S 2 T/µ/¬. In this equation, S is the Seebeck coefficient, T is the absolute temperature, µ is the electrical resistivity, and ¬ is the total thermal conductivity (¬ = ¬ lat + ¬ el , where ¬ lat and ¬ el are the lattice and electronic contributions, respectively). 1) Owing to the ZT value directly reflects the efficiency of the energy conversion, the development of high-ZT materials has a significant meaning for more effective energy savings by recycling the waste heat. To achieve high ZT, a large S, low µ, and low ¬ are required, however, S, µ, and ¬ el are strongly interrelated with each other in materials, so reduction of ¬ lat is required to maximize ZT. 2, 3) Skutterudite compounds are particularly promising candidates for advanced TE materials and have become a focus of lasting interest due to the high carrier mobility and the reasonable band gap. 4) Binary skutterudite compounds have an MX 3 (M = Co, Rh, or Ir; X = P, As, or Sb) composition with body-centered cubic structure. There are two cages in each unit cell of the structure with sufficient size to accommodate a large range of atoms with different sizes to form so called filled skutterudites.
5) The cage-filling atoms act as electron donors, so that filling of the cages with various atoms can lead to an optimum electron concentration to maximize the power factor (S 2 /µ). In addition, the filler atoms are bound weakly with the host atoms and rattle, resulted in acting as phonon scattering centers to reduce ¬ lat significantly.
6,7) Therefore, it is possible to reach a maximized ZT by separate optimization of electrical and thermal transports properties in skutterudites.
It has been widely studied that the cages in CoSb 3 can be fully or partially filled with a variety of different atoms, including alkali metals (Li, Na, and K), 810) alkaline earth elements (Ca, Sr, and Ba), 1113) and rare-earth elements (La, Ce, Yb, Eu, Nd, and Sm).
1419) Recently, skutterudites filled by group 13 elements (Ga, In, and Tl) have attracted much attention as high-performance TE materials.
2022) It has been reported that the group 13 elements can exist not only in the void, but also at the Sb and Co sites. 23) Our group also has studied the TE properties of Ga-, In-, and Tl-filled skutterudites and confirmed that the group 13 elements filledskutterudites exhibit low ¬ lat and thereby relatively high ZT values. 2426) In particular, the maximum values of ZT of 0.9 and 0.7 at 600 K have been obtained for Tl-and In-filled skutterudites, respectively. 25, 26) In addition, to the single element filled-skutterudites, the TE properties of In and Tl double filled skutterudites have been examined in our group. Owing to the further reduction of ¬ lat by effective phonon scattering induced both by the rattling of In and Tl as well as by In 2 O 3 nano-precipitates, the ZT was enhanced and the maximum ZT value of 1.2 was obtained at 700 K. 27) On the other hand, the TE properties of triple elements filled skutterudites have been studied recently.
2830) It is considered that phonons with different frequencies are scattered by various vibration modes induced by rattling of different filler atoms within the cages. Therefore, the triplefilling is one of the effective methods for further reduction of ¬ lat . However, there are no reports on the TE properties of group 13 elements triple filled skutterudites so far. Therefore, in the present study, the polycrystalline samples of group 13 elements triple filled skutterudites were prepared and their TE properties were investigated from room temperature to 773 K.
The sample compositions were set as In 22, 2426) In the present case, we expected that Ga and Tl are fully filled and with increasing In content the ¬ lat can be significantly reduced by triple filling as well as nano-inclusions formed after exceeding the filling limit of In.
31,32)
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Experimental Procedure
The triple filled skutterudites in the nominal compositions of In x Ga 0.02 Tl 0.20 Co 4 Sb 12 (0¯x¯0.30) were synthesized by a combination method of traditional melting and longterm high-temperature annealing. The appropriate amounts of elemental metal chunks of In, Ga, Tl, Co, and Sb were weighted and put in silica tubes in a glove-box under an Ar flow atmosphere. The silica tubes were sealed under vacuum. The sealed silica tubes were heated slowly up to 1323 K and then annealed at 973 K for 10 days. The obtained ingots were crushed into powders, followed by hot-pressing in a graphite die at 923 K under a pressure of 50 MPa for 2 h in an Ar flow atmosphere.
Structural characterization was conducted using X-ray diffraction (XRD) analysis in air at room temperature with Cu K¡ radiation. The microstructure and chemical composition of the samples were investigated by field emission scanning electron microscopy (FE-SEM; JEOL JSM-6500F) with energy dispersive X-ray (EDX) analysis in vacuum at room temperature. S and µ were measured using a commercially available apparatus (ULVAC, ZEM-1) in a He atmosphere. Thermal diffusivity (¡) was measured by the laser flash method in a vacuum using a commercially-available thermal constant analyzer (ULVAC TC-7000). ¬ was evaluated via the standard equation of ¬ = ¡C p d, where C p and d are heat capacity and density, respectively. C p was estimated using the Dulong-Petit model, i.e., C p = 3nR, where n is the number of atoms per formula unit and R is the gas constant. All TE properties were measured from room temperature to 773 K.
Hall coefficient (R H ) was measured at room temperature by the van der Pauw method under vacuum with an applied magnetic field of 0.5 T. The Hall carrier concentration (n H ) and Hall mobility (® H ) were calculated from R H assuming a single band model and a Hall factor of 1, i.e., n H = 1/(eR H ) and ® H = R H /µ, where e is the elementary electric charge. The density of bulk samples was calculated on the basis of the samples' weight and dimensions.
Results and Discussion
The powder XRD patterns of the samples are shown in Fig. 1 . Almost all the peaks in the XRD patterns were identified as peaks derived from the skutterudite phase, however a negligible CoSb 2 peak was observed in all of the samples. The lattice parameters of the skutterudite phase calculated from the XRD patterns are summarized in Table 1 . The lattice parameter values were almost the same independent of the In content. Table 2 . Although, the amounts of the filler elements did not exceed their respective filling limit, small amounts of Ga, In, and Tl were detected as the metal state (point A). In addition, precipitates of Tl 7 Sb 2 and InSb were also observed (points B and C, respectively). As for other samples, the FE-SEM and EDX analyses were also carried out, and the same results as those of the In 0.10 Ga 0.02 Tl 0.20 Co 4 Sb 12 sample were obtained.
Since a very small amount of Ga was added, the Ga content in the skutterudite matrix phase was below the EDX detection limit. In addition, since the EDX peak positions of In and Sb are close to each other, the In content in the skutterudite matrix phase was not estimated accurately. Therefore, we assumed that the total filling fraction i.e. x in (Ga, In, Tl) x Co 4 Sb 12 was 0.22 and the In content was estimated by subtracting the Tl content from the total filling fraction. The amounts of group 13 elements in the skutterudite phase obtained in this manner are summarized in Table 3 . It can be seen that the Tl content in the skutterudite phase decreased but the In content increased. This trend is well consistent with the previous results, that is, the filling fraction of one element decreases linearly whereas the other element's increases. 33) Since, the ionic radius of In +3 (81 pm) 34) is much smaller than that of Tl +1 (115 pm), 31) the lattice parameter should decrease with increasing the In content and with decreasing the Tl content in the skutterudite phase. However, as mentioned above, the lattice parameters of the skutterudite phase were almost the same independent of the In content. Therefore, the valence value of In in the present case would be close to 1+ (the ionic radius of In +1 is 104 pm 34) ), not 3+, which is well consistent with the recent reports, 35) in which it has been reported the valence state of In in the skutterudite structure is not 3+ but 1+. The carrier concentration (n H ) and the carrier mobility (® H ) are summarized in Table 4 . Both of n H and ® H did not change obviously. The n H values slightly increased with increasing the In content. The filling fraction and the valence state of filler elements are the two main factors to determine the n H . Although Tl donates one electron in CoSb 3 , 20) i.e. Tl acts as Tl 1+ in the skutterudite structure, the valence state of In is not clearly confirmed. 3537) In the present case, it can be said that the valence value of In in CoSb 3 is close to +1, not +3, because the n H values are almost the same. This result is well consistent with the result derived from the lattice parameter shown above. All samples showed the relatively high density (9699% of the theoretical density) as summarized in Table 4 .
The temperature dependences of the electrical resistivity 38) S was negative for all the samples, indicating that the majority charge carrier is electrons. Owing to the slight increase in the n H , both the µ values and the absolute S values generally decreased with increase in the In content.
As shown in Fig. 3(c) , ¬ decreased with increasing temperature up to around 550 K and then increased. This temperature dependence can be attributed to the bipolar conduction in semiconductors. All samples showed relatively low ¬ values, and the sample Ga 0.02 Tl 0.20 Co 4 Sb 12 in the nominal composition showed the lowest value in the whole temperature range. The ¬ lat was obtained by subtraction of ¬ el = L·T (where L is the Lorenz number = 2.45 © 10 ¹8 W ³ K ¹2 ) from the measured ¬, i.e., ¬ lat = ¬ ¹ L·T. As shown in Fig. 3(d) , the sample in the nominal composition of 
Conclusion
In the present study, polycrystalline samples of group 13 elements (Ga, In, and Tl) triple filled CoSb 3 in the nominal compositions of In x Ga 0.02 Tl 0.2 Co 4 Sb 12 (0¯x¯0.30) were prepared and the TE properties were investigated from room temperature to 773 K. All of the samples had a few impurity phases in addition to the skutterudite matrix phase. With increasing the amount of In, the In content increased in the skutterudite phase while the Tl content decreased. Based on the analyses of both lattice parameters and the carrier concentration, the valence state of In in the CoSb 3 structure would be close to +1, not +3. All of the samples exhibited negative S values. Owing to the slight increase in the n H , both the µ values and the absolute S values generally decreased with increase in the In content. All of the samples approached relatively low ¬ lat even they contained a few impurity phases. The sample with x = 0.3 in the nominal composition has the lowest ¬ lat value. All of the samples exhibited relatively high ZT values, the maximum ZT value was 0. 
